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ABSTRACT
We use the CARMA millimeter interferometer to map the Antennae Galaxies (NGC 4038/39),
tracing the bulk of the molecular gas via the 12CO(1-0) line and denser molecular gas via the high
density transitions HCN(1-0), HCO+(1-0), CS(2-1), and HNC(1-0). We detect bright emission from
all tracers in both the two nuclei and three locales in the overlap region between the two nuclei. These
three overlap region peaks correspond to previously identified “supergiant molecular clouds.” We
combine the CARMA data with Herschel infrared (IR) data to compare observational indicators of
the star formation efficiency (SFR/H2 ∝ IR/CO), dense gas fraction (HCN/CO), and dense gas star
formation efficiency (IR/HCN). Regions within the Antennae show ratios consistent with those seen
for entire galaxies, but these ratios vary by up to a factor of 6 within the galaxy. The five detected
regions vary strongly in both their integrated intensities and these ratios. The northern nucleus is
the brightest region in mm-wave line emission, while the overlap region is the brightest part of the
system in the IR. We combine the CARMA and Herschel data with ALMA CO data to report line
ratio patterns for each bright point. CO shows a declining spectral line energy distribution, consistent
with previous studies. HCO+ (1-0) emission is stronger than HCN (1-0) emission, perhaps indicating
either more gas at moderate densities or higher optical depth than is commonly seen in more advanced
mergers.
Subject headings: ISM: molecules — radio lines: galaxies — galaxies: ISM — galaxies: star formation
— galaxies: individual (NGC4038/39)
1. INTRODUCTION
The influence of local physical conditions on how effi-
ciently gas forms stars plays a key role shaping galaxies
morphologically, kinematically, and chemically. This has
prompted many studies of both the Milky Way and other
galaxies aimed at linking the gas abundance and phys-
ical properties of the gaseous ISM to the observed star
formation rate. Such studies provide key information to
understand the physical processes governing star forma-
tion on small and large scales and serve as input and the
essential point of comparison for simulations on galactic
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or cosmological scales.
Many of these studies have focused on the relationship
between H2 mass, traced by CO emission, and the re-
cent star formation rate (SFR), often traced using, e.g.,
Hα, UV or infrared (IR) emission (e.g., Kennicutt 1998;
Bigiel et al. 2008, 2011; Leroy et al. 2008, 2013). Those
studies find a basic scaling between the molecular gas
traced by CO (typical densities ∼ 103 cm−3 and tem-
peratures ∼ 10− 20K) and the SFR. However, in detail
there are important variations of the ratio between SFR
and CO including more efficient star formation in com-
pact, dense systems (e.g., Daddi et al. 2010; Genzel et al.
2010; Garc´ıa-Burillo et al. 2012), more efficient star for-
mation in galaxy centers (e.g., Leroy et al. 2013), a de-
pendence on local dynamics (Meidt et al. 2013), and
large samples revealing global trends with stellar mass
and morphology (e.g., Saintonge et al. 2011). The con-
trast between vigorous starbursts and main sequence
galaxies has drawn particular attention (Gao & Solomon
2004a,b; Kennicutt 1998), but all of these studies show
that physical conditions within the molecular gas change
systematically across the universe and that these changes
in turn affect the star formation process.
On scales of individual clouds in the Milky Way, stars
actually form in a small part of a cloud with the high-
est surface and volume densities (e.g., Heiderman et al.
2010; Lada et al. 2010). At the distances of other
galaxies, this high surface density (AV ∼ 10, Σ &
100 M⊙ pc
−2) gas is best picked out by studying transi-
tions like HCN(1-0) or HCO+(1-0). Due to their higher
dipole moments compared to CO, these lines have higher
critical densities, around 105 − 106 cm−3 compared to
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∼ 103 cm−3 for CO. Accounting for radiative trap-
ping lowers the critical density for exciting emission, so
that these lines are tracers of gas with effective density
∼ 105 cm−3. Analogously, observations of higher-J CO
lines have been used to trace gas at densities interme-
diate between that traced by low-J CO emission and
high critical density tracers like HCN (Yao et al. 2003;
Mao et al. 2010; Ueda et al. 2012; Wilson et al. 2012,
and references therein). Focusing on studies compar-
ing emission from high critical density tracers such as
HCN to signatures of embedded star formation, these
have found a roughly linear correlation that spans from
Milky Way cloud cores (Wu et al. 2005, 2010) to the inte-
grated emission from star forming galaxies and (U)LIRGs
(Solomon et al. 1992; Gao & Solomon 2004b), a range of
ten orders of magnitude in luminosity. This correlation
has been interpreted as entire galaxies and individual
dense cloud cores having a fixed SFR per unit dense gas
mass, at least on average. In turn, this suggests that
a main variation driving the changes in the overall star
formation efficiency of H2 may be largely the fraction of
the gas mass in this dense phase.
These observations prompt two questions: how does
the fraction of gas that is dense depend on the host
galaxy and local conditions within an individual galaxy?
And is the rate at which stars form from dense gas re-
ally constant or does it vary systematically? The former
quantity, the fraction of dense gas, is related to the ob-
servable intensity ratio IHCN/ICO. The latter quantity,
the star formation efficiency of dense gas, is traced by the
IIR/IHCN ratio. Work by Gao & Solomon (2004b) and
Garc´ıa-Burillo et al. (2012) indicate that the dense gas
fraction is higher in starburst galaxies. Despite initial
indications that the IR-to-HCN ratio was quite constant
(see also Zhang et al. 2014), other recent work, including
studies by Garc´ıa-Burillo et al. (2012) and Kepley (2014)
indicate that this quantity, too, may show important en-
vironmental variations (see also Usero et al., accepted).
Much insight can be gained in these topics from re-
solved observations of galaxies, especially those that
host extreme conditions not readily accessible in the
Milky Way (e.g., Paglione et al. 1997). With this in
mind, this paper presents new Combined Array for Re-
search in Millimeter-wave Astronomy (CARMA) obser-
vations of the high effective density transitions HCN(1-
0), HCO+(1-0), HNC(1-0), and CS(2-1) and of 12CO(1-
0) emission in the Antennae galaxies (NGC4038/4039).
We use these tracers to study dense gas fractions and
scaling relations, placing individual regions within this
nearest major galaxy merger onto the scaling relations
discussed above. The relationships among the various
lines also suggest variations in physical conditions from
place to place within the Antennae.
The Antennae are the nearest major galaxy merger,
at a distance of ≈ 22 Mpc (Schweizer et al. 2008).
The colliding galaxies exhibit bright CO emission
(Stanford et al. 1990; Wilson et al. 2000, 2003; Wei et al.
2012; Ueda et al. 2012; Whitmore et al. 2014) at each of
the two nuclei and in the “overlap” region where the
two systems are colliding. The collision has led to abun-
dant star formation and numerous young stellar clusters
(e.g., Whitmore et al. 1999). The proximity of the galax-
ies and the extreme environment induced by the galaxy
merger make the Antennae an ideal target for spatially
resolved dense gas observations. Gao et al. (2001) made
a first study of HCN in the Antennae using single-dish
observations. These exclude much of the overlap re-
gion where most of the star formation takes place, how-
ever, and their resolution of 72′′ is more than a factor of
10 coarser than that of our new CARMA observations.
With improved resolution and a field of view covering
the entire system, we are able to study individual regions
within the galaxies.
2. DATA
2.1. Observations
We used CARMA to observe HCN(1-0), HCO+(1-
0), HNC(1-0) and CS(2-1) emission from the Antennae
galaxies during 2011. We observed a 7-point hexagonal
mosaic that covered the two nuclei and the overlap re-
gion using CARMA’s C and D configurations (∼16 hr
and ∼26hr total observing time, respectively). The
FWHM of the final synthesized beam is ∼ 5.7 × 4.0′′
(for HCN(1− 0)), corresponding to ∼ 500 pc at our
adopted distance of 22Mpc. We covered each line with
a 250MHz (∼ 830km s−1) wide band that had native
channel width of ∼1.3MHz (∼4.3 km s−1), which we
smoothed to 8 km s−1 for all subsequent analysis. The
1σ sensitivity per channel in the final data cubes at
our working resolution of 6.5′′(see below) is typically
6mJybeam−1 (∼22mK).
For complex gain and phase calibration, we observed
the quasar 1130-148 every ∼ 20min. 3C273 was ob-
served for bandpass calibration. We set the flux scale ei-
ther by setting the flux of the secondary calibrator based
on recent measurements in the CARMA calibrator flux
archive (CALFIND12) or by using planet observations
combined with a planetary model. The two approaches
yield results consistent within 15%, which we adopt as
the uncertainty on the flux scale. The data reduction
was carried out using MIRIAD.
To provide a view of the total molecular gas reservoir
that complements the high critical density transitions,
we observed 12CO(1− 0) using CARMA in its C (2009)
and D configurations (2011) for a total of 30 hr and 7.5 hr,
respectively. The D configuration observations were car-
ried out using the same setup and calibrators that we
used for the high critical density transitions. The older
C configuration observations used a correlator mode with
a channel width of ∼ 1MHz (∼2.6 km s−1) and a band-
width of 62MHz (∼160 km s−1), with two spectral win-
dows combined to cover the line. The data reduction
followed the same procedure described above. The syn-
thesized beam of the combined C+D configuration CO
cube is ∼ 3.1×2.3′′ (FWHM), or ∼300pc at the distance
of the Antennae galaxies. At its native resolution, the re-
sulting cube is roughly a factor of two deeper and higher
resolution than the OVRO 12CO(1− 0) observations of
Wilson et al. (2000, 2003), though the two maps do not
cover exactly the same area. The final data cube (at
6.5′′ resolution) has a sensitivity (1σ) of∼25mJy beam−1
(∼54mK) in each 5 km s−1 wide channel.
We compare our results to ALMA observations of
higher-J CO lines and Herschel mapping of the dust
12 http://carma.astro.umd.edu/cgi-bin/calfind.cgi
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Fig. 1.— CARMA maps of HCN (left) and CO (right) emission plotted in contour over the PACS 70µm image from the Herschel SHINING
Survey (shown on a square-root stretch from 0-6000 MJy sr−1). The large white circle shows the approximate good-sensitivity coverage for
both molecular line maps. All data are at our common working resolution of 6.5′′ (compare beam in the right panel). In both panels the
contours show the integrated intensity after masking the line data cube (see Section 2) and integrating to create an integrated intensity
map. In the left panel, HCN contours show 0.4, 2, 5, 6.5, 8, 17 K km s−1. In the CO panel, the contours show 20, 100, 170, 255, 300, 420
K km s−1. The five peaks visible in HCN correspond to the brightest IR concentrations. These are labeled in the left panel (compare “ID”
in Tables 1, 2). Shown are also the apertures used to determine luminosities for further analysis (beam-sized on HCN peaks: black, larger
regions: white, compare Table 2 and text).
TABLE 1
Integrated intensities at matched angular resolution for each transition for the five HCN peaks labeled in Figure
1
Region R.A. Dec. Integrated Intensity at HCN Peak IR Intensity Notes
ID (J2000) 12CO 12CO 12CO HCN HCO+ CS HNC 70µm
(1-0) (2-1) (3-2) (1-0) (1-0) (2-1) (1-0)
[Kkm s−1] [MJy sr−1]
1 12:01:53.03 -18:52:02.3 502.0 223.4 146.6 27.7 28.4 11.5 14.4 2799.9 Northern Nucleus
2 12:01:53.32 -18:53:10.3 207.6 109.9 46.6 7.8 10.8 5.3 3.2 1049.7 Southern Nucleus
3 12:01:54.93 -18:53:05.3 265.8 142.6 72.8 8.7 14.5 8.2 6.3 6034.1 Overlap, SGMC 4-5
4 12:01:54.80 -18:52:52.3 325.4 114.7 51.0 10.6 16.9 7.0 6.0 1779.7 Overlap, SGMC 2
5 12:01:55.36 -18:52:46.3 239.9 88.6 50.7 9.0 17.3 7.5 6.1 3046.4 Overlap, SGMC 1
Note. — All line intensities come from CARMA except for 12CO(2-1) and 12CO(3-2), which we measure from ALMA Science
Verification data. The 70µm intensity comes from the SHINING Survey with Herschel. SGMC refers to the supergiant molecular
complex designation by Wilson et al. (2000). The velocity windows for the 5 regions within which the intensities are integrated are
1450-1750, 1500-1750, 1400-1700, 1350-1700 and 1300-1600 km s−1, respectively.
continuum. From ALMA, we use science verification ob-
servations13 of 12CO(2− 1) and 12CO(3− 2). We per-
formed some additional self-calibration on these data
that moderately improved the dynamic range of the im-
ages, but this reprocessing does not affect the results of
this paper. As an indicator of recent star formation, we
use the publicly available Herschel (PACS) 70µm inten-
sity map obtained as part of the SHINING Survey (P.I.:
E. Sturm).
We convolve all data sets to a common circular Gaus-
sian beam with a FWHM of 6.5′′, ∼700pc at the dis-
tance of the Antennae. For the Herschel PACS map we
use the kernel from Aniano et al. (2011) to convert from
the PACS map to a Gaussian PSF. We put all cubes and
13 http://almascience.eso.org/alma-data/science-verification
maps on the astrometric grid of the CARMA HCN data
set, which has 1′′pixels.
2.2. Measurements
We detect each transition towards both nuclei and the
overlap region (see Figure 1 and Table 1). We quantify
the line emission in two ways. First, we measure inte-
grated intensities for all lines along lines of sight towards
the five bright peaks. Second, we measure the luminosi-
ties for individual bright regions, the whole overlap re-
gion, and our whole map from integrating data cubes
masked to contain only significant emission.
In Table 1 we report integrated intensities for all lines
towards the five lines of sight that show the bright-
est HCN emission. These lines of sight correspond to
the two galaxy nuclei and three previously known su-
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pergiant molecular clouds in the overlap region. We
measure the intensities from the 6.5′′ common-resolution
data cubes by integrating the line emission, in Kelvins,
across a velocity window selected by hand to encom-
pass all bright line emission. Typically this line width
is about 300km s−1. For these measurements, no addi-
tional masking is applied beyond the choice of velocity
window. For these integrated intensities, we calculate
statistical uncertainties of ≈ 1 K km s−1 for the 90 GHz
lines and≈ 2Kkm s−1 for 12CO(1− 0). We also estimate
an uncertainty of ≈ 20% due to choice of methodology;
i.e., choice of integration window and a systematic gain
calibration uncertainty of ∼ 15%. The Herschel data
have a calibration uncertainty of ∼ 5% according to the
PACS Observer’s Manual. This is almost always larger
than the uncertainties due to statistical noise.
We also measure 12CO(1− 0) and HCN(1-0) lumi-
nosities from masked data cubes and report these val-
ues in Table 2. We derive these from integrated inten-
sity maps produced by integrating signal-to-noise masked
data cubes along the velocity axis. We produce one
three-dimensional mask for the 90 GHz lines and one for
CO. To do so, we select regions of the cube that have a
signal-to-noise ratio greater than 3.5 (5) for the HCN or
HCO+ (CO) over at lease two adjacent velocity channels.
We remove small regions (those less than a beam size in
volume) because these likely represent statistical fluctua-
tions. We then apply the mask to the cube and integrate
to produce a map of integrated intensity. From these in-
tegrated intensity maps, we measure the flux summed in
several different regions: beam-sized, 6.5′′-diameter aper-
tures centered on the HCN peak positions from Table 1;
larger circular apertures that encompass the entire north-
ern nucleus, southern nucleus, and overlap region; and a
sum over the whole map. Figure 1 shows the apertures
and Table 2 reports the aperture positions and sizes and
the luminosities derived from the measured fluxes and
our adopted distance.
Our interferometer measurements with CARMA may
resolve out emission on large spatial scales and the need
to mask may cause us to miss low signal to noise emis-
sion. To check how much flux we may miss, we compare
our luminosities (Table 2) to the single dish measure-
ments presented in Gao et al. (2001). Accounting for dif-
ferences in the adopted distance, we recover about 70%
and 50% of the total 12CO(1-0) and HCN(1-0) luminos-
ity, respectively, found by Gao et al. (2001). Note that
the Gao et al. (2001) CO observations cover the entire
system and thus a significantly larger area compared to
our map (see their Figure 2); from earlier work, we know
that a significant amount of CO emission arises from the
northern arm that is not included in our coverage. The
flux in our CARMA CO map is about 25% higher than
the integrated result from the earlier OVRO (interferom-
eter) work by Wilson et al. (2003). Overall, missing flux
does not appear to be an enormous concern for the CO.
For the HCN, the amount of flux missed is less clear:
the discrepancy with the single dish result reflects some
combination of calibration uncertainties in both tele-
scopes, statistical noise in the Gao et al. (2001) measure-
ment, the limited coverage of our map, and flux missed
due to the need to clip the data based on signal-to-noise.
There is not a strong reason to expect the 90 GHz lines
to be more spatially filtered than CO; they were observed
with the same two CARMA configurations and to first
order the structure of the galaxy should be similar in
these two tracers of the molecular gas. The Gao et al.
(2001) luminosity is computed from two pointings, one
of which would include the northern arm not covered in
our observations. Those measurements also have com-
paratively low signal to noise, as do our own data.
For the most part the faint thermal radio continuum
at 90 GHz remains undetected. However, the HCN and
HCO+ spectra in region ID 3 do show some hints of ther-
mal continuum emission, though at low-significance. We
remove this component during data processing.
3. RESULTS AND DISCUSSION
3.1. HCN-Selected Lines-of-Sight
Our observations cover both nuclei and the overlap re-
gion and following Wilson et al. (2000, 2003) we detect
abundant molecular gas across the galaxies, with concen-
trations at both nuclei and a large mass of molecular gas
in the overlap region. Figure 1 shows our new 12CO(1-0)
map in contour. The emission from the overlap region
is brightest in three peaks labeled “supergiant molecular
complexes” (SGMCs) by Wilson et al. (2000). Figure 1
also shows HCN intensity contours. The faintness of the
HCN line compared to CO means that we detect HCN
at high signal-to-noise ratio over a smaller area than CO
with bright HCN mainly seen in the three SGMCs in
the overlap region and the two nuclei. A similar picture
emerges for the other high critical density transitions,
with high signal-to-noise emission concentrated in these
five regions: the two nuclei and three bright complexes
in the overlap region (SGMC #1, #2, and #4+5 from
Wilson et al. 2000). In Table 1, we report integrated in-
tensities of each of our high critical density lines and IR
emission at 70µm for each of these five peaks.
From Figure 1 and Table 1 we see that the northern
nucleus (ID 1, NGC4038) is the brightest region in all
molecular lines, though not in infrared intensity. The
southern nucleus (ID 2, NGC 4039) is one of the two
faintest regions in each tracer. Note that Brandl et al.
(2009) do not detect signatures of AGN activity in either
nucleus based on mid-IR spectroscopy so we do not ex-
pect AGN activity to account for a significant amount of
the IR or dense gas emission appearing from the nuclei.
Meanwhile, the brightest IR regions in the galaxy are
not at either nucleus, but in the overlap region, where
the emission is dominated by young stellar populations
and active star formation (e.g., Whitmore et al. 1999, de-
termine the ages of massive clusters in this region to be a
few Myr) and kinematic signatures indicate possible colli-
sions between massive clouds and infalling gas (regions D
and E in Wei et al. 2012). Our region # 3, Wilson et al.
(2000) SGMC # 4-5, is the brightest IR source. In this
region, the IR luminosity (and so the implied SFR) ap-
proaches the value for the entire Milky Way but com-
pressed into a roughly kpc-sized region (Vigroux et al.
1996; Brandl et al. 2009; Klaas et al. 2010). A lack of de-
tected X-ray emission and low radio continuum-to-IR ra-
tios (Klaas et al. 2010, and references therein), detected
water maser emission (Brogan et al. 2010), and low clus-
ter ages (e.g., Zhang et al. 2010) all argue for this region
#3 being a young structure.
Figure 2 compares the line profiles for the bulk gas
Dense Gas in the Antennae Galaxies 5
Fig. 2.— 12CO(1-0) (gray), HCN(1-0) (red) and HCO+ (blue) spectra for the 5 HCN-selected lines of sight (see main text). The spectra
are derived from our common 6.5′′ resolution, unmasked data cubes and plotted at 16 (HCN, HCO+) and 10 km s−1 (CO) resolution,
respectively. Regions 1 and 2 are the northern and southern nucleus. The other lines-of-sight are in the overlap region. The CO and HCO+
spectra are scaled to match the HCN peak with the scaling factor given in the panels. We detect HCN at high signal-to-noise for each
line-of-sight and the spectra and linewidths closely resemble each other.
TABLE 2
12CO(1-0), HCN(1-0) and TIR luminosities for the colored data points in
Figure 3
Region Position Aperture Luminosities
R.A. Dec. Diameter 12CO(1-0) HCN(1-0) TIR
J(2000) [′′] [107 Kkm s−1 pc2] [109 L⊙]
ID 1 12:01:53.03 -18:52:02.3 6.5 16.4 0.81 2.5
ID 2 12:01:53.32 -18:53:10.3 6.5 7.5 0.19 1.1
ID 3 12:01:54.93 -18:53:05.3 6.5 9.2 0.25 4.7
ID 4 12:01:54.80 -18:52:52.3 6.5 11.7 0.21 1.8
ID 5 12:01:55.36 -18:52:46.3 6.5 8.0 0.18 2.5
Nuc. N 12:01:53.03 -18:52:00.6 26.4 79.8 2.08 8.8
Nuc. S 12:01:53.32 -18:53:11.2 18.4 31.8 0.38 4.5
Overlap 12:01:55.10 -18:52:56.9 34.0 113.0 1.41 28
System · · · 264.8 3.87 69
Note. — The total infrared luminosity estimate from 70µm intensity follows
Galametz et al. (2013). The line luminosities are derived in manually selected aper-
tures from our signal-to-noise masked integrated intensity maps (see Section 2).We
use circular, beam-sized apertures for the 5 HCN peaks from Table 1, 3 larger regions
covering the nuclei and the overlap region and integrate all emission in our maps to
characterize the system as a whole. For this integral in the 70 µm map, we only con-
sider emission in the region covered by our CARMA observations (compare Figure 1,
left panel). Uncertainties are ≈ 35% for integrated line intensities (Section 2) with
an additional 10% uncertainty for the distance measurement (Schweizer et al. 2008)
which should be taken into account (implying a 20% uncertainty on any luminosity).
tracer 12CO(1-0) and the dense gas tracers HCN(1-0) and
HCO+(1-0). We scale the CO and HCO+ by a factor cho-
sen to match the peak of the HCN spectrum and bin the
spectra to a velocity resolution of 16 (HCN, HCO+) and
10 km s−1 (CO), respectively, to increase signal-to-noise.
If one accounts for the substantially lower signal-to-noise
of the HCN, the spectral profiles mostly agree between
the three lines, suggesting that for the most part dense
gas and the bulk of the molecular medium are well mixed
in the different regions. There are a few notable excep-
tions, however; the low velocity weaker component seen
in CO towards the northern nucleus (first panel) does not
appear to have a counterpart in HCN or HCO+, suggest-
ing that perhaps this component is less dense than the
gas giving rise to the main line. In the overlap region,
our Region 5 also shows some variation between spec-
tral components, with HCO+ and HCN brighter relative
to CO in the low velocity component. Throughout the
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overlap region, HCO+ emission is observed to be stronger
relative to HCN, which is discussed in Section 3.3, where
we focus on molecular line ratio variations.
3.2. Luminosity Ratios, Dense Gas Fractions, and the
Star Formation Efficiency of Dense Gas
A main motivation for studying the high effec-
tive density lines are studies showing repeatedly
a good overall correlation between IR luminosity
and the luminosity of high effective density trac-
ers. Emission from these tracers is presumed to
trace the amount of dense gas (following Solomon et al.
1992; Gao & Solomon 2004b; Wu et al. 2005, 2010;
Juneau et al. 2009; Garc´ıa-Burillo et al. 2012) while IR
luminosity indicates the amount of recent star forma-
tion. In the left panel of Figure 3 we compare our mea-
surements to the 65 (U)LIRGS and spiral galaxies from
Gao & Solomon (2004b) (black points). We plot our
measurements of the Antennae in three different (non-
independent), ways as defined in Section 2 and reported
in Table 2. First, we show the luminosities for beam-
sized regions centered on the HCN-selected lines-of-sight
in blue (with regions labelled following Tables 1 and 2).
In red, we show luminosities for the entire northern and
southern nucleus as well as the entire overlap region (la-
beled “N”, “S” and “O”, respectively). Finally, in yellow
we show the luminosity integrated over the whole part of
the system that we observe.
The left panel of Figure 3 shows that our resolved
measurements for individual regions extend the observed
trend from Gao & Solomon (2004b) towards lower lumi-
nosities. The dotted lines in the left panel of the Figure
have a unity slope and indicate a factor of 3 scatter.
The error bars represent an uncertainty of 35% for our
line luminosities, reflecting mostly gain (calibration) and
methodology (see Section 2 and Table 2). We stress that
in particular calibration uncertainties are strongly corre-
lated, i.e., changes would affect all Antennae points in
the same way. We adopt 30% as the typical value for the
Gao & Solomon (2004a) sample as quoted in their paper.
We ignore the small uncertainty on the TIR luminosity
as well as the correlated distance uncertainty; changing
the distance would move all data points collectively along
the dotted lines. Large regions of the Antennae galaxies
populate this figure in regimes between entire galaxies
and individual clouds. In this sense, our results resem-
ble recent results mapping individual galaxies (Kepley
2014, Bigiel et al. in prep.), integrating whole galaxies
(Garc´ıa-Burillo et al. 2012) and sampling parts of galaxy
disks (Usero et al., accepted). In each of these cases, the
relationship between HCN (or HCO+) and infrared lu-
minosities at intermediate scales extends the relationship
found for starbursts and bright whole galaxies (though
we caution that the luminosity of a part of a galaxy is a
somewhat arbitrary quantity).
Data like those in the left panel have motivated the
idea that the mass fraction of dense gas drives the over-
all star formation efficiency of molecular gas, with star
formation in dense gas as a fairly universal process (e.g.,
Gao & Solomon 2004b; Lada et al. 2010). A simple way
to explore this hypothesis is to plot the observed ratio
of IR-to-CO luminosity as a function of HCN-to-CO lu-
minosity. The IR-to-CO ratio should, for dense systems,
trace the efficiency with which the bulk molecular gas is
converted to stars while the ratio of HCN-to-CO emis-
sion offers an observational tracer of the fraction of gas
mass in a dense phase.
We re-plot the data in this space in the right panel of
Figure 3. Gao & Solomon (2004b) found that the HCN-
IR correlation remains approximately linear while the
IR-to-CO ratio increases as one moves from fainter to
brighter systems. The resulting correlation in IR-to-CO
vs. HCN-to-CO space appears in the black points. How-
ever, just as striking as the existence of both correla-
tions is the large scatter in both plots. Though in the
right panel, HCN-to-CO coarsely predicts the IR-to-CO
ratio, there is scatter of about a factor of 3 about a con-
stant IR-to-HCN ratio (indicated by the dotted lines). If
there were simply a fixed dense gas star formation effi-
ciency with the two quantities simply traced by IR and
HCN emission, then the data would follow a diagonal
line in this plot. This is clearly not the case. Despite
the small number of independent regions in the Anten-
nae, this already appears in our new data, which show a
scatter comparable to the Gao & Solomon (2004b) data
set. Within our small Antennae sample, knowing HCN-
to-CO would not have helped to predict the IR-to-CO
ratio, which traces the rate at which the bulk molecular
gas forms stars.
We can also attempt to recast the observed IR,
CO, and HCN emission into more physical quan-
tities with the caveat that such conversions come
with substantial uncertainty. To estimate ap-
proximate physical values for the total and dense
molecular gas mass and star formation rate, we
adopt αHCN = 10M⊙ (K km s
−1 pc2)−1 (Gao & Solomon
2004b), a Galactic αCO = 4.35 M⊙ (K km s
−1 pc2)−1,
and the TIR-to-star formation rate conversion of
Murphy et al. (2011). We note that the TIR-to-star for-
mation rate conversion depends on the SF time scales and
history and for very recent star formation the underlying
assumption of continuous star formation over ∼ 100Myr
time scales introduces substantial additional uncertainty.
Using these conversions, however, the dense gas deple-
tion time (τdense = Mdense/SFR) is ∼40Myr for the en-
tire (observed) system, in excellent agreement with the
value from Gao et al. (2001). For the northern, south-
ern nucleus and overlap region separately, τdense ∼160,
60 and 36Myr, respectively. The depletion times for the
CO-traced bulk molecular gas are ∼1.1Gyr for the entire
system, and ∼2.6, ∼2.1 and ∼1.2Gyr, respectively, for
the sub-regions.
The HCN-to-CO luminosity ratio shows substantial
variation across the local galaxy population, ranging
from a few percent to several tens of percent, (e.g.,
Sorai et al. 2002; Gao & Solomon 2004b, Usero et al. ac-
cepted, and references therein). In the Antennae, we
derive LHCN/L12CO(1−0) to be of the order of a few per-
cent: ∼ 1.5% for the system as a whole, ∼ 2.6% for
the northern nucleus, and around 1% for the overlap
region and the southern nucleus. Adopting the con-
version factors above, the dense gas fractions by mass
would be about twice these values, ∼ 3% for the system
as a whole. As pointed out by Gao et al. (2001), this
is a rather small dense gas fraction compared to what
would be inferred for (U)LIRGs, which often show HCN-
to-CO luminosity ratios >∼ 0.06 and dense gas mass
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Fig. 3.— (Left panel) LTIR, IR luminosity, vs. LHCN, HCN luminosity. Black points show the (U)LIRG and disk galaxy sample from
Gao & Solomon (2004b) (one point represents one galaxy). Blue points show measurements for our five HCN-selected regions. Red points
represent integrated luminosities for the entire overlap region and the two nuclei. The yellow star is the luminosity integral for the observed
area of the Antennae (see Section 2 and Table 2). The dotted lines show fixed IR-to-HCN ratios separated by a factor of three. Our resolved
measurements extend the trend from Gao & Solomon (2004b) to lower luminosities and we find that variations within the Antennae are of
similar magnitude than the galaxy-to-galaxy scatter in the Gao & Solomon (2004b) sample. (Right panel) IR-to-CO vs. HCN-to-CO ratio
as tracers of the star formation efficiency of the bulk molecular gas (∼ IR-to-CO) and dense gas fraction (∼ HCN-to-CO), respectively.
The increase in the former can partly be explained by an increase in the latter, though there is substantial variation in the star formation
efficiency of the dense gas (∝ IR-to-HCN). Diagonal lines indicate constant ratios of IR-to-HCN separated by factors of three.
fractions >∼ 10% (see also Baan et al. 2008). Instead,
this dense gas mass fraction is similar to that seen in
Milky Way clouds (e.g. Evans & Lada 1991; Lada et al.
2010). This argues that, perhaps surprisingly, the high
turbulent pressure in the Antennae has not dramatically
changed the dense gas fraction in the molecular gas (see
discussion in Wilson et al. 2003). Here we extend this
observation from a statement about the whole system to
observations of individual regions within the Antennae
galaxies.
The picture presented by these luminosity ratios rein-
forces that although the Antennae are rich in gas, the
overlap region holding most of the gas may not yet be
overwhelmingly dense. Meanwhile, the two nuclei show
starkly different behavior. And perhaps surprisingly, al-
though dense gas and star formation traced by IR emis-
sion are clearly correlated, knowing the luminosity of
line emission from dense gas does not perfectly indicate
the recent star formation rate as traced by IR emission.
Natural explanations for this lack of correspondence be-
tween IR/CO and HCN/CO would be strong variations
in the ratio of HCN emission to dense, immediately star-
forming gas mass (e.g., due to optical depth or tempera-
ture effects), evolutionary effects with current HCN emis-
sion indicating future star formation but only poorly in-
dicating of where stars have already formed, or real vari-
ations in the ability of dense gas to form stars.
3.3. Ratios Among Molecular Transitions
We have so far considered 12CO(1-0) as a tracer of bulk
gas and HCN(1-0) as a tracer of dense gas. We observe
a suite of lines with high effective densities, HCO+(1-
0), CS(2-1), HNC(1-0). As part of its science verifica-
tion program, ALMA has observed CO(3-2) and CO(2-1)
emission from the Antennae galaxies. Table 1 and Fig-
ure 4 show the ratios among the integrated line intensi-
ties for these transitions, normalizing all measurements
to CO(1-0). We plot one set of ratios for each region.
The plotted errors (only shown for one set of measure-
ments) assume a 35% uncertainty on each individual inte-
grated intensity measurement (see Section 2 for details),
though we again emphasize that these uncertainties are
strongly correlated. We also caution that these ratios,
in particular between ALMA and CARMA data, come
with caveats due to different u− v coverage and because
they arise from interferometer-only data (see discussion
in Section 2). Nonetheless some basic results are clear,
with all measurements showing broadly similar line ratio
patterns. CO emission (in K) declines from (1-0) to (2-1)
to (3-2). The four high critical density tracers, HCN (1-
0), HCO+ (2-1), CS (2-1), and HNC (1-0) are all fainter,
by more than an order of magnitude compared to CO (1-
0) with the ordering usually HCO+ (1-0) > HCN (1-0)
> CS (1-0) > HNC (1-0).
Our observed CO(3-2)/(1-0) ratio of ∼ 0.25 and CO(2-
1)/(1-0) ratio of ∼ 0.5 could be reproduced (within
≈ 50%) either by cool, dense gas, in which the source
function does not match the Rayleigh-Jeans approxima-
tion even at 230 and 345 GHz. Alternatively, they could
be produced from hotter gas that has low enough den-
sity to sub-thermally excite the lines. With only the
low-J 12CO lines, these scenarios cannot be readily dis-
tinguished and a covariant set of densities and tempera-
tures can reasonably reproduce our observed values in a
one-zone model like RADEX (van der Tak et al. 2007).
In fact, a combination of multiple physical conditions
8 Bigiel et al.
Fig. 4.— Integrated line intensity ratios for all measured tran-
sitions and 70µm emission from Herschel normalized to CARMA
CO(1-0) for our five HCN-selected lines-of-sight (values from Ta-
ble 1). The CO(2-1) and CO(3-2) data are from ALMA, the other
molecular line data from CARMA.
within the beam is almost certain (see Sliwa et al. 2012;
Schirm et al. 2014, for more discussion). Indeed this
would be required to simultaneously model both our high
critical density lines and the CO emission; however, with
only a single line per high-dipole species, this modeling
introduces a free parameter (the abundance) for each new
observation and does not yield significant insight.
As discussed above, the CO line ratios should be
treated with some caution because the data come from
different telescopes with different u−v coverage. Indeed,
the CO(3-2) / (1-0) ratio found here is much lower than
that reported from single dish data by Zhu et al. (2003).
They found ratios near unity in the nuclei and varying
with star formation activity level across the overlap re-
gion. Different spatial filtering or calibration differences
between CARMA and ALMA might account for some of
the discrepancy. The required sense is that the ALMA
data recover a smaller fraction of the true CO flux than
CARMA. Although ALMA is the more sensitive tele-
scope and higher-J CO emission might be more clumpy,
the spatial filtering from ALMA is more severe. Some
differential spatial filtering is certainly to be expected;
the minimum projected baseline length for CARMA is
∼ 2kλ while for ALMA it is ∼ 12kλ for CO (2-1) and
∼ 17kλ for CO (3-2). These correspond to maximum re-
coverable spatial scales of ∼ 100′′, ∼ 18′′ and ∼ 12′′ for
CO (1-0), (2-1), and (3-2), respectively. However, spa-
tial filtering occurs only in a single velocity channel and
Figure 1 shows that the CO (1-0) and IR emission are
already clumpy and concentrated towards the compact
nuclei and the SGMCs, so we do not expect this effect to
be severe. Indeed, after carefully matching u−v coverage
between SMA and OVRO data, Ueda et al. (2012) also
find CO(3-2)/(1-0) ratios significantly less than reported
by Zhu et al. (2003). They find CO (3-2) / CO (1-0)
ratios of 0.3–0.6 for essentially the same five regions con-
sidered here; we find ∼ 0.25. Though clearly uncertain,
our analysis supports the results of Ueda et al. (2012)
and argues that the bulk of the gas in the Antennae is
either cool or sub-thermally excited.
The ratios among the high effective density molecules
are less systematically uncertain because they all come
from one set of CARMA observations. These show that
although we have discussed HCN (1-0) for ease of com-
parison to the literature, the HCO+ (1-0) line is in fact
brighter than HCN (1-0) across the Antennae. In this
regard, the overlap region resembles M82 (Baan et al.
2008; Kepley 2014) but is weaker in HCN than is typi-
cal in the larger (∼ 100) sample of FIR-luminous galax-
ies studied by Baan et al. (2008). Compared to the
Baan et al. (2008) sample, the Antennae have a typical
HCO+/CO(1-0) ratio of 0.06 but the Antennae ratios
of HCN/CO(1-0) ∼ 0.04 and HNC/CO(1-0) ∼ 0.02 are
lower than average. The typical values of these ratios
from Baan et al. (2008) are ∼0.06 and ∼0.04 (excluding
their upper limits).
If the abundances of HCO+ and HCN are taken to be
the same throughout the Antennae and the Baan et al.
(2008) sample, the easiest interpretation of the stronger
HCO+ emission is that the dense gas in the Antennae is
less dense, on average, than in a typical FIR-luminous
galaxy, where HCN (1-0) ∼ HCO+ (1-0). Alternatively,
differences in optical depth, which change the effective
density at which the gas emits, might interact with the
distribution of densities to produce stronger HCO+ emis-
sion. Though without a functional form for the density
distribution, the sense of optical depth effects is hard to
quantify. Including abundance variations, there is an ex-
tensive literature on the drivers of the HCO+-to-HCN
line ratio (Kohno et al. 2007; Gracia´-Carpio et al. 2008;
Krips et al. 2008; Baan et al. 2008). Though these dif-
fer in detail, the overall sense is that HCN emission may
be enhanced relative to HCO+ in the most active sys-
tems. For example, the abundance of HCO+ may be
additionally suppressed by recombination at high den-
sities (Papadopoulos 2007; Meier et al. 2014). In this
sense, the observation of strong HCO+ relative to HCN
in the Antennae galaxies makes sense; the Antennae are
extended and have low SFR-to-CO compared to more
active systems (see above and Gao et al. 2001). Indeed,
the brightest HCN emission comes from the compact,
active northern nucleus, where the two lines have about
the same intensity. So this trend may play out within
the Antennae as well as between the Antennae and other
systems.
4. SUMMARY
We report new CARMA observations of a suite of
molecular lines in the Antennae galaxies, including the
high effective density transitions HCN(1-0), HCO+(1-0),
CS(2-1), and HNC(1-0) and the bulk molecular gas tracer
12CO(1-0). We combine these with Herschel infrared ob-
servations and ALMA science verification observations of
12CO(2-1) and 12CO(3-2) to report on conditions within
the molecular gas and the apparent relationship between
dense molecular gas, the total amount of molecular gas,
and embedded star formation traced by infrared emis-
sion. We find substantial variations in the observed ra-
tios IR/CO, IR/HCN, and HCN/CO across the galaxy.
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These variations have magnitude comparable to the scat-
ter seen over the whole galaxy population. These mea-
surements agree with other recent studies and highlight
either substantial evolutionary effects or systematic dif-
ferences in the local physical conditions in the molecular
gas and its link to star formation. Comparing different
molecular transitions, we find HCO+ (1-0) to be almost
twice as strong as HCN (1-0) in the overlap region, per-
haps indicative of a large amount of intermediate density
gas.
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